Spinal anaesthesia for elective caesarean section is associated with maternal hypotension, secondary to alteration of sympathetic tone and hypovolemia, in up to 70% of cases. Measurement of the subaortic variation in the velocity time integral (VTI) after passive leg raising allows prediction of fluid responsiveness. Our objective, in this prospective singlecentre observational study, was to assess the ability of change in VTI after 45°passive leg raising to predict hypotension after spinal anaesthesia. Ultrasound measurements were performed just before elective caesarean section. Anaesthesia, intravenous coloading and prophylactic vasopressor treatment were standardised according to current guidelines. We studied 40 women. Hypotension occurred in 17 (45%) women. The area (95%CI) under the receiver operating characteristics (ROC) curve for the prediction of spinal hypotension was 0.8 (0.6-0.9; p = 0.0001). Seventeen women had a change in VTI with leg elevation ≤ 8%, which was predictive for not developing hypotension, and 11 had a change ≥ 21%, predictive for hypotension. The grey zone between 8% and 21%, with inconclusive values, included 12 women. We suggest that cardiac ultrasound provides characterisation of the risk of hypotension following spinal anaesthesia at elective caesarean section, and therefore may allow individualised strategies for prevention and management.
Introduction
Spinal anaesthesia for caesarean section is associated with a decrease in systemic vascular resistance and cardiac output, and may cause hypotension in about 70% of cases [1, 2] . Hypotension during delivery may be accompanied by a reduction in placental blood flow, thereby affecting fetal well-being. Ideally, the occurrence of hypotension after spinal anaesthesia could be prevented by pre-emptive administration of intravenous fluid and vasopressors. However, there is accumulating evidence that non-selective fluid pre-loading or co-loading may not be effective in preventing hypotension; furthermore, excessive fluid adnibistration may risk maternal complications [2] , whereas vasopressors may have an adverse effect on the fetus [3] .
The use of invasive arterial pressure measurement techniques for assessment of intravascular volume before spinal anaesthesia for caesarean section is difficult to justify, given the brevity of surgery, the lack of supporting evidence for benefit (even in women with pre-eclampsia) and the potentially increased risk associated with arterial cannulation in the presence of obesity and tissue oedema, both of which are common in pregnancy.
Echocardiography is a particularly useful tool in obstetric anaesthesia [4, 5] . It does not involve the use of ionising radiation or contrast media, and is not associated with harmful biological effects in humans regardless of the mode being used (B-mode, M-mode or 3D). In intensive care unit patients, passive leg raising has been shown to predict fluid responsiveness, defined as a ≥ 15% increase in cardiac output (measured with transthoracic echocardiography) after a fluid bolus of 500 ml [6] . In a previous study of parturients with severe pre-eclampsia, we demonstrated that a > 12% increase in the velocity time integral (VTI) of subaortic blood flow during passive leg raising predicted fluid responsiveness [7] . Other authors have shown that measurable variations may occur in inferior vena cava diameter in response to fluid loading at term pregnancy [8] .
Echocardiography has not been used to predict spinal hypotension during caesarean section. Preload dependency is considered to be the state where a moderate change in cardiac preload is associated with a significant change in cardiac output, indicating that the subject is at the steeply sloping part of the Frank-Starling curve. In the present study, we hypothesised that women with echocardiographically-demonstrable preload dependency would have an exaggerated decrease in venous return following induction of spinal anaesthesia, and therefore would be more likely to develop spinal hypotension [1, [9] [10] [11] . The primary study aim was to predict hypotension after spinal using transthoracic echocardiography, with a secondary aim of identifying sub-groups that might benefit from an individualised prevention strategy.
Methods
This prospective observational study was conducted in a single university medical centre with a maternity division that functions as a tertiary referral centre for all neighbouring hospitals. The study protocol was approved by the hospital Ethics Committee (CPP SudMediterranee 1, Marseille). Women were enrolled between April 2015 and April 2016. Written informed consent was obtained from all subjects on the day of surgery. Women of ASA physical status 1-2 with a gestational age ≥ 37 weeks, aged ≥ 18 years undergoing spinal anaesthesia for elective caesarean section were included. Women were not included if they had a contraindication to spinal anaesthesia (coagulation disorder, allergy to local anaesthetics, sepsis), medical conditions (pre-existing or new-onset cardiac disease, pre-eclampsia, neurological disorder), or if the echocardiography device or operator were unavailable. Women were not studied if it was not possible to obtain adequate quality echocardiographic images, after recruitment.
All women were fasted for 6 h before the study. The echocardiographic measurements were performed in the post-anaesthesia care unit. All ultrasound recordings were performed by a board-certified ultrasound specialist (LZ) who was not involved in any other management of the woman. A single device (M Turbo; Sonosite Inc., Bothell, WA, USA) with a cardiac probe P21x (5-1 MHz) was used for all measurements. The velocity-time integral (VTI) of subaortic flow was measured on the apical five-chamber view using pulsedwave Doppler in the left ventricular outflow chamber, at the period of complete valve opening. The maximum velocity of the mitral E-wave (E, early filling) and mitral A-wave (A, atrial systole) were measured on the apical four-chamber view using pulsed Doppler focused on the mitral valve in diastole. The early velocity of the lateral annulus (Ea) was measured using tissue Doppler.
Ultrasound measurements were collected in three positions during the 30-min period before spinal anaesthesia. Initially, the woman was positioned in an estimated 45°semirecumbent position on an examination table. After a 3-min stabilisation period, the first measurements were obtained over 3 min. The whole table was then rotated axially through a 45°angle, so that the woman lay in a supine recumbent position with 45°elevation of her legs [12] . The second measurements were recorded after 60-90 s. The woman was then returned to the semirecumbent position for 3 min. Finally, a wedge with a flattened top (length 50 cm, width of base 35 cm, width of upper plane 28 cm, height 8 cm) was placed under her right torso to provide an estimated 30°uterine displacement while semirecumbent; the angle of the torso was measured using a protractor in the first three cases studied. After 60-90 s for stabilisation, a final series of measurements were collected.
The woman was then transferred to the operating theatre. Non-invasive blood pressure and heart rate (Intellivue MP70; Philips Medical System, B€ oblingen, Germany) was applied with the woman in the supine recumbent position with an estimated 15°left lateral table tilt. After a stabilisation interval of 3-5 min, baseline mean arterial pressure (MAP) was calculated as the average of three measurements performed at 3-min intervals. Hypotension was defined as a decrease of > 20% in baseline MAP during the 15 min after induction of spinal anaesthesia.
Single-shot spinal anaesthesia was then performed in the sitting position at L3-L4 or L4-L5 using a 25-G Sprotte needle. A dose of either 9 mg (height < 160 cm) or 10 mg (height ≥ 160 cm) of 0.5% hyperbaric bupivacaine, together with sufentanil 5 lg, was injected over 30 s with the orifice-directed cephalad. Immediately after injection, the woman was returned to the supine tilted position, and blood pressure and heart rate measurements were taken at 1-min intervals.
We used existing guidelines for the management of hypotension, and administered one litre of crystalloid solution ‡ and a variable-rate vasopressor infusion.
A mixture of phenylephrine 50 lg.ml À1 and ephedrine 1.5 mg.ml À1 was commenced at 20 ml.h À1 after induction of spinal anaesthesia, and adjusted to maintain MAP at > 90% of baseline. The physician in charge of the case was unaware of the ultrasound results. The study finished 15 min after the spinal injection, when data collection stopped and routine care continued. The E/A and the E/Ea ratio were calculated for each position.
DVTI (supine-legs elevated) was calculated as:
D VTI (semirecumbent-wedged) was calculated as:
The accuracy of DVTI (supine-legs elevated) and DVTI (semirecumbent-wedged) for predicting hypotension was analysed using receiver operating characteristics (ROC) curves. The optimal cut-off was selected to maximise the Youden index.
The grey zone is an area where a predictive test is of low accuracy, that is the sensitivity and specificity are both < 90% [13] . The grey zone for DVTI (supine-legs elevated) that was inconclusive for predicting spinal hypotension was calculated by constructing sensitivity and specificity curves [14] . One-way ANOVA was performed to compare the groups with DVTI that were predictive of no hypotension, hypotension or the grey zone. The sample size was calculated based on an expected 45% rate for hypotension [1] . For an area under the ROC curve > 0.75 with an accuracy of 0.1 and a risk probability of 5%, 40 subjects were required. Data analysis was performed using SPSS Version 20.0 for Windows (SPSS, Chicago, IL, USA). Normally distributed data were analysed with Student's t-test or ANOVA; otherwise Chi-square, Fisher's exact, Mann-Whitney and Kruskal-Wallis tests were used. Statistical significance was defined as p < 0.05.
Results
During the study recruitment period, there were 130 elective caesarean deliveries. Ninety cases were not included because of the unavailability of an ultrasound operator or device, leaving 40 women who were recruited. All women had successful acquisition of echocardiographic measurements. All women had a successful spinal block to T4 that allowed surgery to be completed. Table 1, and Table 2 gives haemodynamic changes and neonatal outcomes. There were no neonates with a 1-min Apgar score < 7.
Maternal heart rate was similar in the women who did or did not develop hypotension, in the different body positions (Table 3) . DVTI (supine-legs elevated) and DVTI (semirecumbent wedged) was significantly higher in women who developed hypotension compared with those who did not. DVTI (supine-legs elevated) and DVTI (semirecumbent-wedged) correlated with the change in MAP between baseline and after spinal (r 2 = 0.36, p = 0.00004 and r 2 = 0.23, p = 0.002), respectively (Fig. 1) . With respect to the primary outcome, the area (95% CI) under the ROC curve for DVTI (supine-legs elevated) to predict hypotension was 0.8 (0.6-0.9; p = 0.0001). The maximum Youden index used as the criterion for selecting the optimum cut-off point was 0.68 (Fig. 2) . At this point, a DVTI (supine-legs elevated) threshold of 8% was predictive for hypotension with sensitivity 94%, specificity 73%, postive predictive value (PPV) 70% and negative predictive value (NPV) 85%. The DVTI (supine-legs elevated) grey zone was between 8% and 21%, representing 30% of the women (Fig. 3) . The area under the ROC curve for DVTI (semirecumbent wedged) was 0.79 (0.63-0.90; p < 0.0001). The maximum Youden index was 0.53. A threshold of 8% predicted the onset of hypotension with sensitivity 87%, specificity 65%, PPV 58% and NPV 87% (Fig. 2) . Table 4 gives vasopressor doses and neonatal data for women who had DVTI (supine-legs elevated) that was predictive for no hypotension, hypotension or was in the grey zone.
Discussion
In our cohort, hypotension after spinal anaesthesia occurred in 45% of cases, similar to other studies [1, 15] . Various authors have attempted to predict hypotension after spinal anaesthesia for caesarean section. Jeon et al. found that an increase in mean arterial pressure on turning from the supine to the right lateral decubitus position correlated with the development of hypotension, although they did not provide a cut-off value to be used in clinical practice [16] . Meirowitz et al. investigated the effect of passive leg-raising, but found no correlation between changes in cardiac output and hypotension [17] . However, there were a number of protocol differences compared with our study which may explain their differing results. They used a bio-reactance based non-invasive cardiac monitor, but the reference values for this device in the obstetric population have yet to be determined [18] . All women received a preload of 1-l Hartmann's solution, the legs were raised to 30°rather than 45°, and all measurements were made with 15°left lateral tilt.
Several ultrasound measurements have been proposed as tools for predicting fluid responsiveness. These include inferior vena cava collapsibility, aortic blood flow peak velocity and even carotid flow [19] [20] [21] [22] . However, none of these has been validated in the pregnant population. DVTI (supine-legs elevated) has been shown to be a reliable marker for predicting fluid responsiveness in several studies, including in parturients with severe pre-eclampsia [4] [5] [6] [7] 23] . It remains unclear whether a high value for DVTI (supine-legs elevated) indicates hypovolemia or the circulatory consequences of inferior vena cava compression. However, we found that a low DVTI (supine-legs elevated) predicts the absence of hypotension. The clinical consequence is that one might allow at least 42% of any maternal cohort to undergo spinal anaesthesia without unnecessary fluid pre-loading and/or pre-emptive administration of vasopressors. We did use co-loading, and the potential influence of this would have to be investigated further.
In women who had DVTI (supine-legs elevated) values between 8% and 21%, the measurement was Table 4 Comparison between women with a DVTI (supine-legs elevated) value ≤ 8% (predictive of no hypotension), > 8 but < 21% (grey zone; diagnostic uncertainty) and ≥ 21% (predictive of hypotension). Values are mean (SD). inconclusive for the prediction of hypotension; however, we could predict hypotension or its absence with a high sensitivity or specificity in 70% of cases. This performance is higher than that of other measurements used in clinical practice, emphasising the potential importance of ultrasound in obstetrics [19, 24] .
Our study has several limitations. Velocity-time integral was not measured for a second time in the semirecumbent position before the change to semirecumbent wedged position, so we have made an assumption that it returned to its baseline value. However, the haemodynamic effects of leg elevation in the supine position are transient, and a 3-min interval was allowed while semirecumbent before changing to the semirecumbent wedged position. With regard to the clinical generalisability of this method to predict hypotension, we acknowledge that transthoracic echocardiography is time consuming and requires specific devices and skills. However, echocardiographic machines and probes are rapidly becoming more available [25] , and, as many medical schools are integrating this skill into basic training, operator proficiency will become more widespread over time. Velocity-time integral measurement was performed successfully in all cases within 15 min, comparable with a previous similar study [7] .
In summary, DVTI with change from semirecumbent to supine-legs elevated predicted the occurrence of hypotension after spinal anaesthesia in our population, and therefore might be useful for guiding individualised treatment. However, our findings need to be validated in further studies.
